We synthesize a platinum monolayer core-shell catalyst with a ternary alloy nanoparticle core of Pd, Ir, and Ni. A Pt monolayer is deposited on carbon-supported PdIrNi nanoparticles using an underpotential deposition method, in which a copper monolayer is applied to the ternary nanoparticles; this is followed by the galvanic displacement of Cu with Pt to generate a Pt monolayer on the surface of the core. The core-shell Pd 1 Ir 1 Ni 2 @Pt/C catalyst exhibits excellent oxygen reduction reaction activity, yielding a mass activity significantly higher than that of Pt monolayer catalysts containing PdIr or PdNi nanoparticles as cores and four times higher than that of a commercial Pt/C electrocatalyst. In 0.1 M HClO 4 , the half-wave potential reaches 0.91 V, about 30 mV higher than that of Pt/C. We verify the structure and composition of the carbon-supported PdIrNi nanoparticles using X-ray powder diffraction, Xray photoelectron spectroscopy, thermogravimetry, transmission electron microscopy, and energy dispersive X-ray spectrometry, and we perform a stability test that confirms the excellent stability of our core-shell catalyst. We suggest that the porous structure resulting from the dissolution of Ni in the alloy nanoparticles may be the main reason for the catalyst's enhanced performance.
Introduction
Although proton exchange membrane fuel cells (PEMFCs) are recognized as a promising form of technology to meet the global energy crisis and address various associated environmental problems, many technical and economic challenges prevent their large-scale commercialization, one of which is the high cost of platinum [1] . Despite the fact that numerous efforts have been paid to search for substitute materials for platinum, such as Pd [2] , Ir [3] , Ag [4] , Au [5] , Fe-and N-doped carbon catalyst [6] , and carbon nanotube/Fe 3 C nanoparticle [7] , a platinum-based catalyst is still the best choice for oxygen reduction in an acidic environment. In recent years, the emergence of coreshell catalysts [8] [9] [10] [11] [12] , especially those with a Pt monolayer [13] [14] [15] [16] [17] [18] [19] [20] , has brought PEMFC commercialization closer to becoming a reality, because the mass activity of Pt in a coreshell catalyst can be enhanced by several times. However, most current core-shell catalysts still use precious metals (such as Pd [21, 22] ) as the cores, and this makes it difficult to reduce the cost of catalysts effectively. To address this problem, some studies have introduced nonprecious metals into the alloy nanoparticles, yielding cores such as PdCo, PdNi, and PdFe [23] [24] [25] . However, catalyst stability has remained a problem. Kuttiyiel et al. reported that an electrocatalyst's stability could be significantly enhanced by adding a negligible amount of Au to the PdNi nanoparticle core [25] . Knupp et al. found that the stability of a Pd@Pt/C catalyst could be improved by adding iridium to the Pd core [26] .
In this study, we prepared a Pt monolayer core-shell catalyst with a ternary PdIrNi alloy nanoparticle as the core using an underpotential deposition (UPD) method. As expected, this catalyst exhibited superior oxygen reduction reaction (ORR) activity to a commercial Pt/C catalyst as well as enhanced stability.
Experimental

Preparation of Carbon-Supported PdIrNi Nanoparticles.
The carbon-supported ternary alloy nanoparticles were prepared as follows. Palladium chloride, iridium chloride, and nickel chloride in an atomic ratio of 1 : 1 : 2 were added to deionized water to obtain a solution. Next, sodium citrate was added as a complexing agent using a metal/citrate molar ratio of 1 : 5, after which carbon black XC-72R was added to the solution under strong stirring. After the mixture was purged with high-purity N 2 for 15 minutes, excess NaBH 4 solution (10 wt%) was slowly added, using ultrasonication and under the protection of nitrogen. After reaction with ultrasonication for one hour, the mixture was filtered and washed with deionized water three to five times and then dried overnight in a vacuum oven at 50 ∘ C. For comparison, binary nanoparticles of PdNi, IrNi, and PdIr were prepared using the same procedures. The metal content in each of the samples was 20 wt%.
Synthesis of Core-Shell Catalyst on Glassy Carbon
Electrode by UPD. The Pt monolayer core-shell catalyst PdIrNi@Pt/C was prepared on a glassy carbon electrode using a UPD method. First, 5.0 mg carbon-supported ternary PdIrNi alloy nanoparticles were dispersed in 1 mL Nafion ethanol solution (0.1 wt%) via ultrasonication for 30 minutes to make a uniform suspension. Then, 5 L of the suspension was pipetted onto a glassy carbon disk electrode (5 mm diameter) and dried in air. Next, a Cu monolayer was deposited on the surface of the PdIrNi nanoparticles in a 0.05 M H 2 SO 4 + 0.05 M CuSO 4 solution by holding the deposition potential at about 0.37 V for one minute, under the protection of highpurity nitrogen. Finally, the electrode was transferred into a solution of 1 mM K 2 PtCl 4 + 0.05 M H 2 SO 4 for 10 minutes in a nitrogen atmosphere, in which the Cu monolayer was galvanically replaced by Pt to form a Pt monolayer. The theoretical Pt content in the catalyst was calculated from the UPD charge of Cu, and the real content was determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES).
This prepared electrode bearing the core-shell structured catalyst was used for the subsequent electrochemical performance measurements without further treatment.
Measurement of the Catalysts' Electrochemical
Performance. The electrochemical performance of the catalysts was measured by cyclic voltammetry (CV) on an electrochemical workstation (Ivium, Netherlands) using a threeelectrode electrochemical cell. An Ag/AgCl/KCl (3 M) leakfree reference electrode and a Pt wire were used as the reference and counter electrodes, respectively. ORR and hydrogen underpotential deposition (HUPD) measurements were performed in 0.1 M HClO 4 solution saturated with oxygen and nitrogen at room temperature.
Catalyst
Characterization. X-ray powder diffraction (XRD) patterns were obtained with a TD-3500 powder diffractometer (Tongda, China) using filtered Cu-K radiation operating at 40 kV and 30 mA. Scanning transmission electron microscope (STEM) images were recorded on a JEOL JEM 2100F operated at 200 kV. Thermogravimetric (TG) analyses were performed on a Q600 SDT analyzer (TA Inc., USA) in a pure nitrogen flow (100 mL min −1 ) at a heating rate of 10 ∘ C min −1 from room temperature to 950 ∘ C. Xray photoelectron spectroscopy (XPS) was performed on an Axis Ultra DLD X-ray photoelectron spectrometer (Kratos, England) employing a monochromated Al-K X-ray source (h] = 1486.6 eV). ICP-AES (Leema PROFILE, America) was used to analyze the contents of trace metal elements.
Results and Discussion
3.1. Characterization. The structures of the as-prepared catalysts were characterized by XRD (Figure 1 ). The first peak, located at about 23.2 ∘ , refers to the Vulcan XC72 carbon support. The diffraction peaks at the 2 values of 42.5 ∘ for the PdIrNi/C catalysts readily correspond to the (111) crystal planes of the face-centered cubic crystalline structure. As shown in Figure 1 (a), the (111) diffraction peak of Pd 1 Ir 1 Ni 2 @Pt/C has shrunk sharply and shifted negatively slightly (about 0.8 ∘ ) compared to that of Pd 1 Ir 1 Ni 2 /C; we suggest this is due to the dissolution of Ni from the alloy nanoparticles during the UPD process, and the results of the ICP-AES analysis confirm this explanation.
It should be pointed out that no diffraction peaks corresponding to Pt could be observed in the XRD pattern of Pd 1 Ir 1 Ni 2 @Pt/C, perhaps because the Pt monolayer could not generate diffractions.
It is interesting that no diffraction peaks of Ni and Ir could be observed for the Pd 1 Ir 1 Ni 2 /C sample, even though the Ni and Ir contents were up to 50 at % and 25 at %, respectively. There may be two reasons: (1) the Ni atoms entered the Pd lattice to form a complete alloy; (2) Ni formed an X-ray amorphous phase that will not be observed in the diffractogram. Figure 1(b) shows the XRD patterns of the PdIrNi/C catalysts with a Pd/Ir ratio of 1 and various Pd/Ni ratios. The lattice parameters of Pd 1 Ir 1 /C, Pd 2 Ir 2 Ni 1 /C, Pd 1 Ir 1 Ni 2 /C, and Pd 1 Ir 1 Ni 8 /C were 3.873, 3.783, 3.688, and 3.681Å calculated from the (111) diffraction plane by Jade software. The atomic radii of Pd, Ir, and Ni atoms are 1.37, 1.36, and 1.25Å, respectively. When more Ni atoms entered into the Pd lattice, it can result in the decrease of the lattice parameter and the Pd-Pd interatomic distance because the radius of the Ni atom was smaller than that of the Pd atom [27] . Clearly, the (111) diffraction peak for the catalysts shifted positively as the Ni content increased, and the lattice parameters decreased obviously with the increase of the content of nickel. Figure 4( ) ; however, the mass activity of Pd 1 Ir 1 Ni 2 @Pt/C was higher than that of PdIr@Pt/C, as we will discuss later. As shown in Figure 4 (b), the deposition reduction peak and oxidation peak related to the Cu UPD can be observed on the Pd 1 Ir 1 /C and Pd 1 Ir 1 Ni 2 /C clearly. It is found that the peak area of Pd 1 Ir 1 /C was higher than that of Pd 1 Ir 1 Ni/C. The theoretical Pt contents in Pd 1 Ir 1 @Pt/C and Pd 1 Ir 1 Ni 2 @Pt/C catalysts by calculating from the UPD charge of Cu were 6.31 g cm −2 and 5.21 g cm −2 , respectively. To further understand this excellent mass activity enhancement and the role of Ni, we measured the real composition of all the catalysts, as shown in Table 2 . For Pd 1 Ir 1 Ni 2 @Pt/C and Pd 1 Ir 1 @Pt/C, the actual Pt contents were close to their theoretical contents: the deviations were ∼3.5% for Pd 1 Ir 1 Ni 2 @Pt/C and ∼13.7% for Pd 1 Ir 1 @Pt/C. For all of the samples containing Ni, we found that the Ni was almost totally removed during the scanning and UPD steps; for Pd 1 Ir 1 Ni 2 @Pt/C, the Ni residue was only 0.05 g g −1
Oxygen Reduction Reaction.
catalyst, which was just 0.05% of the Ni in the Pd 1 Ir 1 Ni 2 /C sample, indicating 99.5% of the Ni had been removed during the UPD process [29] . Clearly, Pd 1 Ir 1 Ni 2 @Pt/C contained less deposited Pt than Pd 1 Ir 1 @Pt/C, and the UPD step removed the Ni, so why did Pd 1 Ir 1 Ni 2 @Pt/C exhibit higher mass activity than Pd 1 Ir 1 @Pt/C? Since the lower Pt loading of Pd 1 Ir 1 Ni 2 @Pt/C indicates that Ni was not replaced with Pt, we suggest that the porous structure created by the dissolution of Ni may be the reason for the enhanced mass activity of Pd 1 Ir 1 Ni 2 @Pt/C. Figure 6 shows the ORR polarization curves of the catalysts containing various amounts of Ni and of 20% JMPt/C at 1600 rpm in oxygen-saturated 0.1 M HClO 4 . These results confirm that Pd 1 Ir 1 Ni 2 @Pt/C exhibited the best ORR performance, implying that higher or lower Ni content may not be beneficial. oxygen-saturated 0.1 M HClO 4 at different rotation speeds (400-2500 rpm). The Koutecky-Levich plots obtained from Figure 7 (a) with the inverse current density (1/ ) as a function of the inverse of the square root of the rotation rate ( 1/2 ) are presented in Figure 7 (b). Using the average slopes of the Koutecky-Levich plots and the equation = 0.62
, is the Faraday constant, and is the geometric area of the electrode) [30] , we calculated that the electron transfer number, , was 4.12, indicating that the ORR on Pd 1 Ir 1 Ni 2 @Pt/C predominantly followed the four-electron exchange pathway. Moreover, the linearity and parallelism of the plots shown in Figure 7 (b) are signs of first-order kinetics with respect to molecular oxygen [31] . The Tafel plot obtained from the kinetic current, , is shown in the inset of H 2 SO 4 solution, the ECSA decay was only 9.4%, compared to 28.1% for commercial Pt/C. Furthermore, after 10,000 ORR scans, the ORR performance of Pd 1 Ir 1 Ni 2 @Pt/C was almost unchanged, whilst for commercial Pt/C and home-prepared Pd@Pt catalyst the decay was 34.7% and 39.2%, respectively, indicating the outstanding stability of our core-shell structured catalyst with a Pt monolayer around a ternary alloy core.
Conclusions
A high-performance, highly stable core-shell structured catalyst with a Pt monolayer shell and a ternary alloy nanoparticle core has been successfully prepared via a UPD method, and the catalyst has been characterized using XRD, TEM, and XPS. The catalyst exhibited very high ORR activity and excellent stability. We found that the Ni added to the alloy played an important role in significantly enhancing the ORR performance, and we suggest that the formation of a porous structure-caused by the dissolution of Ni in the alloy nanoparticles, which left only residual Ni nanoparticlesmay be the main reason for the catalyst's enhanced performance. After 10,000 ORR scans, the half-wave potential was almost unchanged, indicating this catalyst's outstanding stability. 
